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ABSTRACT

This report documents work performed under the Technology Commercialization Fund (TCF-18-15778, 
Used [spent] Nuclear Fuel Management and Analysis Tool) award provided by the US Department of 
Energy (DOE) Office of Technology Transitions (OTT). This report describes various Used Nuclear Fuel 
- Storage, Transportation & Disposal Analysis Resource and Data System (UNF-ST&DARDS) 
enhancements to advance the technology readiness level (TRL). The Phase I technology 
commercialization funding (TCF) provided by DOE OTT has been instrumental in advancing 
UNF-ST&DARDS technology.

The principal work performed under TCF is the integration of the initial dry storage loading optimization 
algorithm into UNF-ST&DARDS. The TCF also supports various other software enhancements, as well 
as interaction with commercial nuclear industries over the past two years. At the time of the TCF award, 
the UNF-ST&DARDS software version was 3.1 Beta. Version 3.1 also received a certificate of 
registration from the US Copyright Office. The current publicly available UNF-ST&DARDS version is 
4.0, and the current internal development UNF-ST&DARDS version is 4.0.3 Beta. The UNF-
ST&DARDS team is planning to release the principal enhancements performed under TCF as a part of 
version 4.1, which is currently scheduled to be released in December 2020. 
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1. INTRODUCTION

This report documents work performed under the Technology Commercialization Fund (TCF-18-15778, 
Used [spent] Nuclear Fuel Management and Analysis Tool) award provided by the US Department of 
Energy (DOE) Office of Technology Transitions (OTT). This report describes various Used Nuclear Fuel 
- Storage, Transportation & Disposal Analysis Resource and Data System (UNF-ST&DARDS) 
enhancements to advance the technology readiness level (TRL). The Phase I technology 
commercialization funding (TCF) provided by DOE OTT has been instrumental in advancing 
UNF-ST&DARDS technology.

UNF-ST&DARDS is a software package that provides used nuclear fuel (UNF) management and analysis 
capabilities. With no permanent UNF repository currently in the US, the need for long-term UNF 
management has become a reality. As evidence, the US Nuclear Regulatory Commission (NRC) recently 
examined the environmental impact of onsite UNF dry-storage for an extended amount of time when 
developing the Continued Storage Rule [1]. Because of the diverse systems used throughout the world 
and the large volume of UNF, long-term management of UNF through final disposition is a complex 
undertaking requiring a variety of data and analysis tools. These tools are essential for realistic, time-
dependent characterization of UNF and its related systems (e.g., cask systems) to (1) manage UNF during 
extended storage at the reactor sites, (2) support a successful large-scale transportation campaign (3) plan 
for, design, and operate interim storage facilities (ISFs), and (4) support eventual geological disposition of 
UNF. Oak Ridge National Laboratory (ORNL) is developing UNF-ST&DARDS to manage UNF data, 
along with several compatible analysis tools for time-dependent characterization of UNF and related 
systems. 

UNF-ST&DARDS was initially developed as a foundational resource for the DOE Office of Nuclear 
Energy (NE) as a credible, controlled, centrally managed data source for key information essential to each 
UNF management area—storage, transportation, and disposal. UNF-ST&DARDS incorporates a UNF 
database integrated with nuclear analysis capabilities, enabling automated assembly- and cask-specific 
analysis, including depletion/decay, criticality, shielding, and thermal analyses. UNF-ST&DARDS 
interfaces with the SCALE [2] code system for nuclear analysis. UNF-ST&DARDS has the unparalleled 
ability to track UNF through the entire back end of the fuel cycle as currently defined by the once through 
policy in the US, from the time UNF is discharged from a reactor through its disposal in a geological 
repository. There is currently no other established tool providing similar UNF data and analysis 
integration and management capability. UNF-ST&DARDS has been applied to real-world problems such 
as determining the feasibility of direct disposal of currently loaded UNF storage systems [3]. 

Dry casks have been used for over 40 years to store UNF and other related components. The technology 
was initially licensed with the expectation that utilities would use the dry storage as a temporary solution 
for less than 20 years before the UNF would be moved to permanent storage [1]. However, due to delays 
and uncertainties regarding permanent storage, the UNF has largely remained onsite. There are currently 
over 3,000 commercial UNF loaded casks, with approximately 300 casks being added to that number 
each year [4]. While most of the UNF remains onsite in dry casks and wet storage, many of the utilities 
have established independent spent fuel installations (ISFSIs) for onsite dry storage for durations beyond 
reactor lifetimes and pool closings. 

About three-quarter of the UNF inventory is currently in wet storage [5], and the number of the 
discharged assemblies will grow larger by the time all the current US operating reactors are end 
operations. The primary focus for utilities storing UNF is to meet the safe and cost-effective immediate 
storage needs within the licensing regulations. This has led to a wide variety of cask designs for dry 
storage used in the United States. There are currently 14 active certificates of compliance (CoCs) issued 
by the NRC under 10 Code of Federal Regulations (CFR) Part 72 [6], of which 8 are storage only 
modules and 6 are storage and transport modules. A list of all currently active CoCs is provided in [7]. 
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Most dry casks have been loaded with storage in mind, making their transportation and long-term storage 
complicated in the future. The rapidly growing UNF inventory makes it more important to use methods to 
optimize dry cask loading. 

The principal work performed under TCF is the integration of the initial dry storage loading optimization 
algorithm developed by Spencer [7] into UNF-ST&DARDS. The TCF also supports various other 
software enhancements, as well as interaction with commercial nuclear industries over the past two years. 
At the time of the TCF award, the UNF-ST&DARDS software version was 3.1 Beta. Version 3.1 also 
received a certificate of registration from the US Copyright Office. The current publicly available UNF-
ST&DARDS version is 4.0, and the current internal development UNF-ST&DARDS version is 4.0.3 
Beta. The UNF-ST&DARDS team is planning to release the principal enhancements performed under 
TCF as a part of version 4.1, which is currently scheduled to be released in December 2020. 

The remainder of this report is organized as follows. Section 2 discusses technical enhancements of 
various UNF-ST&DARDS capabilities. Section 3 discusses progress towards commercialization. Section 
4 presents future work, and Section 5 provides conclusions and discussion. 

2. TECHNICAL ENHANCEMENTS OF UNF-ST&DARDS

This section describes the following background and technical enhancements of UNF-ST&DARDS: (1) 
initial dry storage loading tool, (2) detail as-loaded UNF characterization pipeline, (3) initial approach for 
coupling with reactor core simulators, and (4) initial development of a data visualization and plotting 
interface. 

2.1 UNF-ST&DARDS DRY STORAGE LOADING 

This section describes the process of preparing the input data required for dry storage loading, execution 
of the dry storage loading algorithm with various options, and dry storage loading results. 

2.1.1 Preparation of Data Required for Dry Storage Loading Optimization Tool

As discussed above, UNF-ST&DARDS contains a UNF database and uses data from this database for 
various analyses, including dry storage loading optimization. The UNF-ST&DARDS released version 
does not contain reactor-specific inventory, assembly-specific decay heat, projected inventory, or decay 
heat of projected inventory. The required data to execute the dry storage loading tool includes:

 Site-specific discharge inventory (e.g., assembly ID, discharge burnup, initial enrichment, 
discharge date)

 Information on assemblies that are already in dry storage systems to exclude them from the 
loading optimization,

 Assembly-specific decay heat of discharge inventory as a function of time
 Assembly-specific dose rates as a function of time to evaluate overall cask dose limits
 Projected discharge inventory for various projection scenarios, and
 Decay heat of projected discharge inventory

2.1.1.1 Site-specific inventory data preparation

The user of UNF-ST&DARDS must follow the steps below, strictly in order, to import the site-specific 
discharge inventory and information of assemblies that are already in dry storage systems. 

1. Add a facility.
2. Add spent nuclear fuel pool(s) at that facility.
3. Add reactor(s) at that facility (reactor needs a pool for discharge).
4. Add reactor cycle information.
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5. Add discharge assembly type (e.g., W1717WL). Available assembly types can be found from 
the assembly_type table in the database (right-click, select rows). The database comes with 
publicly available pressurized water reactor (PWR) and boiling water reactor (BWR) 
assembly types.

6. Add irradiation parameters for the newly added assembly type
7. Add Discharge assembly information. At this point, all the assemblies will be in the pool
8. Add a dry storage pad using the geographic information system (GIS) in the code, and link 

that with the facility added in step 1.
9. Add canisters on the pad.
10. Add canister inventory. This will automatically change the status of the assemblies (loaded in 

the canister) from wet to dry.

The steps above are also described in detail in the manual that is provided with the software (see “Data 
Import Using GUI” section of the manual). The manual can be obtained using the help menu as shown in 
Figure 1.

Figure 1. UNF-ST&DARDS help menu.

2.1.1.2 Assembly-specific decay heat calculations

Assembly-specific decay heat calculation is performed using the Analysis tab of UNF-ST&DARDS and 
selecting As Loaded analysis and Assembly data types. The assembly-specific decay heat analysis is 
described in the UNF-ST&DARDS manual in the “Assembly-Specific Decay Analysis” subsection under 
the “Analysis and Result Visualization” section. 
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2.1.1.3 Assembly-specific dose rate analysis

Assembly-specific dose rate analysis is not currently included in the UNF-ST&DARDS manual. This 
section briefly describes assembly-specific dose rate analysis using a site called “Generic Site.” To 
perform an assembly-specific dose rate analysis, click the As Loaded radio button in 
the Analysis navigation menu as shown in Figure 2. Select the Assembly button from the Data 
Types (default) and click the Next/Forward (>) button (bottom right). The next step will appear as 
shown in Figure 3.

Figure 2. UNF-ST&DARDS as-loaded analysis.



5

Figure 3. Assembly-specific analysis for generic site.

Selecting Generic Site in the Select a specific site box will display all the assemblies at that site in 
the Details panel as shown in Figure 4. The user can switch between sites by selecting a specific site from 
the Select a specific site box (Only Generic Site is visible in the example because data were added only 
for Generic Site for this exercise). The specific assemblies can be selected for analysis by checking 
the Run box as shown in Figure 4. Right-clicking on the Details panel will show options for 
selecting/deselecting all assemblies, as shown in Figure 4. The user is encouraged to closely examine all 
of the columns to understand the data. The columns are intended to be self-explanatory. Clicking 
the Next/Forward button will take the user to the next analysis step, as shown in Figure 5.
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Figure 4. Assemblies at generic site.

Figure 5. Parameter selection for assembly-specific dose analysis.
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As shown in Figure 5, UNF-ST&DARDS provides three assembly-specific analysis options: Decay 
(default selection), Reactivity, and Self Protection. In this step, the user should select the Self 
Protection tab as shown in Figure 5. The user must provide a cooling time: Time since discharge as 
shown in Figure 5, or Analysis Date(s). This tutorial uses three Analysis Date(s) as shown in Figure 
5 (07-01-2020, 07-01-2030, and 07-01-2040). The user must now select a Process Mode. The Parameter 
Sets, Input, and Execution option is selected for this analysis. Clicking the Start button will open a tab 
in Job Table for tracking the analysis. The analysis completion message will appear at the bottom bar in 
the Job Table (see manual for details).

2.1.1.4 Inventory projection

Dry storage loading optimization uses a projected inventory based on the current inventory for the 
projected reactor shutdown date. The methodology used by UNF-ST&DARDS projection tool is 
documented in the validation report by Vinson [8]. Based on the validation report findings [8], the 
methodology/option shown here report uses the last five historical cycles of data to project fuel 
discharges, with no adjustment for the reactor-specific capacity factors or the Energy Information 
Administration–forecasted nuclear energy demand.  

The inventory projection tool in not currently integrated into UNF-ST&DARDS; however, the tool uses 
the UNF-ST&DARDS database to obtain data on the last five historical cycles. The projection tool can be 
launched by double clicking the InventoryProjection.jar inside the Inventory Projection folder in the 
root UNF-ST&DARDS location. Figure 6 shows the inventory projection tool.

Figure 6. Inventory projection tool.

To use the tool, the user provides one-time UNF-ST&DARDS database access credentials using the 
Preferences option from the File menu, as shown in Figure 7 and Figure 8. Database credentials can be 
found from the unf.rc file located in the UNF-ST&DARDS root folder.
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Figure 7. File menu of the inventory projection tool.

Figure 8. Preference panel of the projection tool showing database credentials.

After providing the UNF-ST&DARDS database credentials, connection to the database can be established 
by clicking connect to database from the Connect menu option, as shown in Figure 9. 
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Figure 9. Connect menu option of the inventory projection tool.

Reactor information from the database can be loaded by clicking Load Reactors from Database at the 
bottom of the panel, as shown in Figure 6. The reactor information will appear in the panel, as shown in 
Figure 10. The user enters an announced shutdown date if that date differs from license expiration date. In 
Figure 10, 07/01/2050 is entered as the announced shutdown date for Generic Reactor 1 as an example.  
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Figure 10. Reactor information displayed in the startup panel of the projection tool.

The Next button at the bottom right corner (Figure 10) will take the user to the case configurations panel, 
as shown in Figure 11. 

Figure 11. Case configurations panel of the projection tool.
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In the case configurations panel, the user provides a case name (Projection09102020 in Figure 11), source 
data (GC-859 in Figure 11), reactor operating years (default is 60 as shown in Figure 11), and check the 
Use Announced Shutdown Dates box if announced shutdown was entered in the previous panel. The 
current preferred approach [8] is to use the Use Average Assembly Count and Use Average 
Enrichment, as shown in Figure 11. The user does not need to provide other configurations such as PWR 
% increase for this option. The next panel (Figure 12) provides an option for adding future new reactors 
and models based on an existing reactor from the database. This example does not use a new future 
reactor for projection.

Figure 12. Add new reactors panel in the projection tool.

The next panel displays the projected discharge dates, as shown in Figure 13. 
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Figure 13. Projected discharge dates for generic reactors 1 and 2.

The project button at the bottom right corner (Figure 13) takes the user to the next panel showing the 
projected inventory, as depicted in Figure 14. The user clicks the Commit button at the top center (Figure 
14) to commit the projected inventory in the UNF-ST&DARDS database. 

Figure 14. Projected inventory determined by the projection tool.
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2.1.1.5 Decay heat analysis of projected inventory

The user then returns to UNF-ST&DARDS selects As Loaded in Analysis and then selects Assembly 
Projected as Data Types to perform the decay heat analysis, as shown in Figure 15. In the next panel, the 
user selects the projection scenario, enters the analysis dates, and starts the analysis, as shown in Figure 
16. 

The user is now ready to execute the dry storage loading optimization tool. 

Figure 15. Projected assembly decay heat analysis in UNF-ST&DARDS.
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Figure 16. UNF-ST&DARDS decay heat analysis for projected inventory as a function of analysis dates.
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2.2 DRY STORAGE LOADING OPTIMIZATION IN UNF-ST&DARDS

This section details the effort for integration of the dry storage loading optimization tool, GAMMA-PC 
[7] into UNF-ST&DARDS. The details of generating prerequisite data for the analysis in the UNF-
ST&DARDS are presented in Section 2.1.1. 

The UNF assemblies and associated dry storage systems must be comprehensively characterized to 
support dry storage loading, extended storage beyond the initial 20 years of the storage license, shipping 
and handling after extended storage, and eventual disposal of the loaded canisters. Most dry casks have 
been primarily loaded with storage in mind, complicating transportation and long-term storage in the 
future. With a rapidly growing UNF inventory, a primary area of need in dry storage planning is to apply 
methodologies to optimize dry cask loading with respect to long-term storage and transportation needs. 
Integration of the dry storage optimized loading optimization tool into UNF-ST&DARDS facilitates the 
formulation of cost-effective solutions, with improved worker safety and efficient transportation 
timelines. The tool generates optimal loading patterns to balance the competing goals of higher loading 
capacities, earlier fill and transport times, and overall lower dose rates.

Within this section, a brief description of the optimization algorithm behind the loading optimization tool 
GAMMA-PC is provided in subsection 2.2.1. The summary of code changes and updates performed to 
facilitate the integration process is discussed in subsection 2.2.2. The process of performing optimization 
in UNF-ST&DARDS in demonstrated in subsection 2.2.3, and select case study results are provided in 
subsection 2.2.4. 

2.2.1 GAMMA-PC Description

The dry cask loading problem is a multivariable problem. The solution should not only be able to handle 
loading of thousands of assemblies into dry casks, but it also should have considerations for licensing and 
operational constraints related to heat loads, dose rates, and cask loading timelines. Furthermore, the 
characteristics and the timeline of the future assemblies to be added to the solution method are uncertain. 

GAMMA-PC uses a metaheuristic algorithm that combines various aspects of the adaptable dynamic bin 
packing problem [7]. While the details behind the formulation of the optimization algorithm are described 
in depth in the literature [7], this section provides a concise summary of the underlying methodology.   

2.2.1.1 Optimization Methodology

The dry cask loading problem has three competing goals: (1) minimizing the number of casks needed, (2) 
reducing the initial heat loads in the cask, and (3) minimizing the storage time required before the casks 
can be ready for transport. This essentially makes it a 3D minimization problem. 

                 (1)                                                         𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 [(# 𝑜𝑓 𝑐𝑎𝑠𝑘𝑠), (𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ℎ𝑒𝑎𝑡 𝑙𝑜𝑎𝑑), (𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑡𝑖𝑚𝑒)]

Since multiobjective problems have competing goals, a single solution cannot fulfill all the objective 
functions. Such problems are generally solved as a set of solutions called a Pareto set, in which the 
solutions involve trade-offs between the different objectives. The cask loading problem is categorized as a 
bin-packing problem in which there are N number of items to be packed into as few bins as possible 
within in the problem constraints applied. Traditional bin packing problems often used first fit or best fit 
methods to generate a single solution. Such methods are useful for smaller problems, but they are 
computationally expensive and ineffective for larger problems. Approximate dynamic algorithms like the 
one use for GAMMA-PC produce a set of near optimal solutions within the defined constraints while 
significantly reducing problem time.

Using the premise of the bin packing problem, GAMMA-PC uses certain decision variables to formulate 
an objective solution space. The problem in Eq. (1) can now be represented as follows: 
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,                                                                      (2)  𝑋 = [ 𝑥 , 𝑦, 𝑡𝑓𝑖𝑙𝑙]

where 

      is a matrix of assemblies to be loaded in the cask, 𝑥 

     is an array of casks available to load the assemblies, and𝑦  

   is a continuous variable indicating the time each cask is loaded with fuel assemblies.𝑡𝑓𝑖𝑙𝑙

The variable , which represents the number of casks available to load, is given a theoretical maximum 𝑦
value to avoid loading of near-empty casks. In an ideal situation, all the casks would be filled to the full 
capacity of number of assemblies; however, to accommodate situations in which there may be a need for 
empty spaces to meet other loading constraints, the theoretical maximum number of casks is set to allow 
each cask to be filled at 75% capacity as long as the number of assemblies are evenly distributed across 
the cask. 

Other loading constraints are added to further define the problem set. Some examples are given below: 

 bin packing constraints such as requiring that each assembly can only be assigned to one cask 
and that casks are not filled beyond their capacity

 the burnup of each assembly meets the maximum burnup specified in the CoCs, and the decay 
heat limits for the cask type are met

 the pool is assumed to have completed decommissioning at a specified period after the last 
projected discharge (5 years used in GAMMA-PC), and all assemblies in a single cask are 
assumed to originate from the same pool to meet the pool close date. 

With the constraints defined and the solution set outlined, GAMMA-PC runs a population-based 
metaheuristic algorithm in which a greedy randomized adaptive search procedure (GRASP) governs the 
packing and local search, and various packing methods and other heuristics are applied. At the end of the 
computation, a set of solutions that meets all the specified loading constraints and fulfills optimization 
objectives is generated. 

To compare the solution set from GAMMA-PC against the traditional first fit methods, a set of solutions 
based on the oldest, coldest method are also developed. The oldest, coldest strategy is a simple first fit 
approach based on loading of the oldest and coldest fuel assemblies that were first placed in the cask. 

2.2.1.2 Data Input from UNF-ST&DARDS

To generate the optimized loading maps, GAMMA-PC requires detailed information about the current 
and projected assemblies, the casks into which these assemblies will be loaded, the site and pool 
information, and other relevant loading constraints. GAMMA-PC uses UNF-ST&DARDS to obtain all 
the necessary information needed. The process for preparation of required data for optimization is 
described in detail in Section 2.1.1. 

The underlying algorithm for GAMMA-PC is written in the Python programming language, which allows 
it to have a modular structure. Different modules within the code provide the assembly, cask, and the site 
information from UNF-ST&DARDS to the optimization module. This data are drawn from UNF-
ST&DARDS using a set of queries developed in structured query language (SQL). The Unified Database 
in UNF-ST&DARDS integrates an open source, relational MySQL Community edition database [9]. The 
data in MySQL are stored as a collection of structured information in separate tables that are linked to 
each other. This allows for structured collection and manipulation of the data without imposing a large 
computational burden. 
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The information from the database, which has been selected for the site being optimized, is then provided 
to the algorithm through the modules within GAMMA-PC for further processing. An infographic layout 
of the process is shown in Figure 17 [7]. 

Figure 17. UNF-ST&DARDS data input to GAMMA-PC.

2.2.2 UNF-ST&DARDS Integration of Optimization Tool

To further enhance the capabilities of UNF-ST&DARDS as a single point solution for the UNF-related 
analyses, the GAMMA-PC code was integrated into UNF-ST&DARDS. This section details the changes 
and updates performed to facilitate the integration. 

2.2.2.1 GAMMA-PC Code Updates

A series of changes were made to the GAMMAP-PC code structure and modules to facilitate a seamless 
integration into UNF-ST&DARDS. While the primary codebase itself was only sparsely modified, 
changes to the code input structure were made to allow the optimization to be run from the graphical user 
interface (GUI) within UNF-ST&DARDS. The changes made to the GAMMA-PC code are detailed 
below: 

New modules added

 Optimize.py:  This module is an input processor that works as a bridge between user input data in 
the UNF-ST&DARDS GUI and the optimization code. The module takes site and cask loading 
related inputs provided by the user and passes them on to the appropriate GAMMA-PC modules. Post 
optimization, it also calls upon the modules that post-process the data to generate csv files and visual 
plots of the loading information. 

 Process_data.py: This module processes outputs from the optimization runs and delivers them 
out into user friendly formats (csv files and visual plots). As described previously, GAMMA-PC 
generates a set of optimal solutions that meet all the defined constraints for the problem. The 
get_sol()function within this module reads all the solution sets and selects the solution that 
requires the lowest number of casks. If multiple solutions have the same lowest number of casks 
loaded, then it uses the average initial heat load as the secondary parameter for the solution selection. 
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For the example shown in Figure 18, the function will select solution 7403 based on the number of 
casks loaded. 

      

Figure 18. Sample solution sets generated by GAMMA-PC.

 Once the solution set is identified, the get_data() function generates the loading optimization 
information and prints it out to a csv file. The first part of the printed csv file generates information 
regarding each of the casks loaded, as shown in Figure 19. 

Figure 19. Cask information output from the optimization run.
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Similarly, for each of the casks, detailed information about the assemblies contained within is also 
generated, as shown in Figure 20. 

Figure 20. Assembly information for the individual casks.

This module also generates a simplified csv file as a data dump for use by the plotting module 
Caskplot.py. All the data generated by this module are developed for the oldest, coldest solution 
set for comparison purposes. 

 Caskplot.py:  This module reads the data dump file created by Process_data.py and 
generates visual loading maps for each canister. The loading plots generated here are essentially a 
visual representation of the data presented in Figure 20. Currently, the visual maps are only supported 
for MPC-68, MPC-32, MPC-37, and MPC-24 cask types. More cask types will be added to the 
plotting feature in the near future. Examples of generated MPC-68 and MPC-32 cask type plots are 
shown in Figure 21 and  Figure 22, respectively. 
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Figure 21. Example loading map for MPC-68 cask.

Figure 22. Example loading map for MPC-32 cask.
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Loading schedule 

The Optimize.py module takes in the user supplied loading schedule , in terms of number of canisters 
and the loading date, and creates a custom loading plan. The GAMMA-PC optimization modules generate 
the cask loading plans, with the start date based on the latest assembly discharge date and the end date 
based on the end of the decommissioning period. During this time, it fills the canisters based on a defined, 
per year maximum fill capacity. Each filled canister is given a Fill Ready Date specifying when it will 
meet all the storage limits and a Transport Ready Date specifying when it will meet all transportation 
limits. However, the user is expected to have a loading schedule with different numbers of canisters to be 
loaded for each campaign. 

The Process_data.py module takes in a user-supplied schedule for the loading date and the number 
of canisters. It then compares the user input Loading Dates with the Fill Ready Dates and loads the 
number of canisters for that loading period if the first (loading dates) is later than the second (fill ready 
dates). If more canisters are available to load than the number requested to be loaded, then they are moved 
forward in the queue for next loading date. The canisters beyond the user input loading dates are shown as 
Not Scheduled in the loading maps. 

An example of the loading schedule is shown in Figure 23. In the example, the user has input the loading 
schedule for up until 2029. Since only 27 canisters were input for loading, as given by the cask IDs with 
loading dates provided in the Figure, the remaining canisters show up in the loading map as Not 
Scheduled.  

Figure 23. User input loading schedule. 

Changes to the existing modules

A few minor changes were implemented to the existing GAMMA-PC code. The changes applied are as 
follows: 

 caskbuilder.py: With the UNF-ST&DARDS integration, the user will have an option to add or 
update the cask-related information, including the loading curve, storage heat maps, transport heat 
maps, burn up information, and loading zones. This information is currently extracted in the code 
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from the UNF-ST&DARDS using the makecaskobject() function in the module. The user-
selected information from the GUI will now be directly provided to the DryCask class within the 
caskbuilder.py module through the Optimize.py input processor. 

 targetdose.py: Since the user will provide most of the cask-related information through the 
UNF-ST&DARDS GUI, the interpolation calculations for the per-assembly dose will now be 
performed by this module. This module basically uses the same code for the calculation that was 
previously part of the caskbuilder.py module.

 facility.py: The maximum fill cap for each year was updated from 10 to 12. This value sets 
the upper limit for how many casks are allocated on the same Fill Ready Date. The value was 
increased because in some shorter optimization schedules, the fill cap was exceeded during testing. 
As the actual loading cycle is determined by the loading schedule input from the user, this value does 
not impact the overall loading. 

2.2.3 Performing Loading Optimization in UNF-ST&DARDS 

The details of generating the prerequisite data for performing loading optimization in UNF-ST&DARDS 
are provided in depth in Section 2.1.1. This section discusses performing the loading optimization using 
UNF-ST&DARDS. 

Once all the data are generated, the user selects Loading Optimization from the GUI and clicks the 
Next/Forward (>) button, as shown in Figure 23. 

Figure 24. Starting loading optimization in UNF-ST&DARDS.
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This takes the user to the next step, where the user selects the site to optimize with the associated canister 
model, as shown in Figure 25.  It is worth reiterating here that since the UNF-ST&DARDS released 
version does not contain reactor-specific inventory, assembly-specific decay heat, projected inventory, or 
decay heat of projected inventory, the user will be only able to perform optimization for the site for which 
the data have been prepared, as described in Section 2.1.1. 

Figure 25. Selecting site and canister model for optimization. 

If the user does not wish to use the models listed in the GUI, then a new canister model can be added for 
optimization by clicking Add Canister Model. This will prompt the user to select the Canister Model 
Name, as shown in Figure 26. The user clicks on the Next/Forward button to get to next step. 

Once the canister model is selected, the user is asked to select the storage and transport overpack models. 
As in the canister selection, the user can add storage overpack and transport overpack models by clicking 
on the Add Storage Overpack or Add Transport Overpack button (Figure 27). The user clicks on the 
Next/Forward button to get to next step.
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Figure 26. Adding new canister model for optimization. 

Figure 27. Selecting storage and transport overpack models.
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The user is now prompted to the next step to select heat zones for zone loading. The left side of the GUI 
allows the user to input the heat zone information for the canister, and the right side displays the canister 
position map. This step is shown in Figure 28. The user clicks on the Next/Forward button to go to next 
step. 

Figure 28. Adding zone loading information to the canister map.

In the next step, the user adds the necessary cask and overpack information as shown in Figure 29. The 
information is then prepopulated from the database for the available cask types. The user can change the 
parameters on this step by either loading from the database, loading from a CSV file, or editing the 
presented information. 
If the user selects Load from Database, then a window pops up allowing the user to select from a 
dropdown menu of the cask models (Figure 29). If the user selects the Load from CSV option, then a 
pop-up window will prompt the user to select a file from the computer drive (Figure 30). Example CSV 
files will be added to assist the user with the accepted format for the parameters to be loaded. 

The user clicks on the Next/Forward button to get to next step. 
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Figure 29. Adding cask and overpack information from the database. 
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Figure 30. Adding Cask and Overpack Information from the CSV files.

Next, the user is prompted to provide a loading schedule with loading dates and the number of canisters to 
be loaded for each of the loading dates. As mentioned in Section 2.2.2.1, the user can provide the known 
loading dates only. Any canister outside the loading dates will be labeled as Not Scheduled in the loading 
data and the associated plots. 

Once the loading schedule is entered, the user can then go back and edit any information previously 
provided by using the Forward (<) button, copy the information using the Copy button, save the 
information to a Json file using the Save Json button, or start the optimization process by click on Start 
(Figure 31).

Figure 31. Adding loading information and running optimization.

After the optimization runs, the program will generate csv files and visual plots for the selected solution 
set as described in Section 2.2.2. Similar set of results will also be generated for the oldest, coldest 
solution set, for comparison purposes. 

2.2.4 Loading Optimization Case Studies and Results

This section details the comparison among different solutions generated by the optimization tool and the 
comparison to a realistic loading scenario. 

2.2.4.1 Comparisons Among Code Selected Solution Sets

Performance of the GAMMA-PC optimization tool compared to the oldest coldest packing methodology 
was tested for three different sites using MPC-32, MPC-37 and MPC-68 cask types [7]. In the study, the 
solution sets produced by the optimization tool outperformed the oldest, coldest solutions in minimizing 
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the parameters of the number of casks needed, the average initial heat loads and the time for the cask to 
meet the transportation guideline. 

While there is no intention to revalidate the work previously performed [7], this report compares the 
solution sets developed for an entirely different site with the MPC-68 cask type. This comparison was 
performed to evaluate the effectiveness of the solution picked by the get_sol()function out of a large 
set of solutions as described in Subsection 2.2.2.1. 

For the test site analyzed here with MPC-68 cask type, the optimization tool chose a solution number for 
the optimized solution and another one for the oldest, coldest solution. The solutions were selected based 
on the lowest number of casks needed for loading, as shown in Figure 32. It must be noted that the 
solution IDs for the oldest, coldest solution sets are denoted by negative integers in the code. 

Figure 32. Solutions selected by the optimization tool from the set of solutions.

With a cursory look, it can be seen that for the solutions chosen, the optimized solution had a lower 
average initial heat load and a sooner overall maximum year as the transport date compared to the oldest, 
coldest solution. 

A detailed look at the distribution of cask heat loads and the maximum year to transport for all the casks  
within each solution set is shown in Figure 33. 

Figure 33. Comparison of optimized and oldest, coldest solutions.

The figure shows that the average heat load of optimized solutions is below 25 kW for most cases, and the 
data spread is much tighter towards the trendline. For the oldest, coldest solution set, the distribution of 
heat loads in the casks is much wider as the timeline progresses. Similarly, the maximum year-to-
transport spread is more evenly distributed for the optimized solution, yielding a 6-year improvement 
maximum year to transport, as shown in Figure 32 and Figure 33. 
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Since the optimization tool produces a set of near-optimal solutions, another variable of interest is to 
evaluate how the different optimized solution sets compare against each other. Of the optimized solutions 
produced, a subset was selected that yielded a variety in the number of casks loaded, maximum year to 
transport, and average initial heat loads. The different solutions within the optimized solution set are 
shown in Figure 34. 

Figure 34. Optimized solutions generated by the tool. 

The average decay heat distribution of the casks within the different solutions is shown in Figure 35.
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Figure 35. Decay heat distribution of different optimized solutions.

Figure 35 shows that the set of optimized solutions had a very similar distribution pattern. As mentioned 
previously, all the solution sets generated by the optimization tool meet every single constraint defined 
within the problem. The tool is currently set to select the solution set with lowest number of casks 
required among the set of near-optimal solutions. 

2.2.4.2 Comparison to a Realistic Loading Scenario

The optimization tool currently generates dry cask loading patterns based on the entire unloaded 
inventory, including assemblies currently in the pool and the future projected assemblies. However, in 
real life, the assembly inventory will likely be updated with new reload cycles. This is due to changes in 
the status of assemblies from projected to actual, along with other design and loading considerations. In a 
real scenario, the user will likely generate the optimized loading maps for a given loading schedule and 
then update the assemblies to be loaded to the casks for the first loading in the database. Hence, when the 
optimization is run for the next loading cycle, it will have a more updated fuel inventory. This will 
expectedly produce more up-to-date loading patterns. A comparison of such a loading scenario against a 
once-optimized solution is presented here. 

For the study, a site with an MPC-32 cask type was used. This site has 7,240 assemblies in the database, 
with 2,256 actual assemblies in the pool, and the remaining assemblies are projected for discharge over 
the lifespan of the site’s reactors. The last assembly discharge for this site (in the database) was in 2013.

Two different scenarios were modeled for comparison: 
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 For Scenario A, the optimization tool was run with all actual and projected assemblies using a 
single loading schedule provided by the user 

 For Scenario B, the optimization tool was run for each loading campaign. After each run, the first 
set of assemblies from the loading schedule was loaded into the casks and hence was removed 
from future optimizations. This process was repeated for 5 loading schedules. 

Only 5 loading schedules were simulated, since by the end of the fifth loading cycle, 1,600 actual 
assemblies had been moved to the casks. The loading optimization runs at this point had mostly projected 
assemblies in the loading plans. In a real-life scenario, however, the projected assembly inventory will 
decrease with each discharge cycle, and the actual new assemblies will be added to the database.

An 18-month proposed loading schedule was used for the study. The schedule used is shown in Table 1. 
Table 1. Loading schedule used in the study

Date Number of canisters 
loaded

2020-12-15 10
2022-06-15 10
2024-12-15 10
2026-06-15 10
2027-12-15 10

Figure 36 presents a comparison of the number of canisters available for each load cycle for each date 
from Table 1, along with the average decay heat for each loading cycle for Scenario A and Scenario B. 

 

Figure 36. Cask number and average decay heat comparison for the Scenarios A and B.

Note that Scenario A only had 6 casks available to load (Fill Ready Date) for the fifth loading date of 
2027/12/15. However, Scenario B had enough casks to fill for all loading dates. This is primarily because 
moving the assemblies to casks after each loading in Scenario B made the problem size smaller and 
changed the spread of the assemblies to be optimized. The average heat load slightly increased for 
Scenario B. The head load increase is attributed to the fact that the actual assembly inventory was 
removed after each reload cycle, thus decreasing the ratio of actual-to-projected assemblies. However, in 
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a real-life scenario, the assembly inventory would likely be updated with new actual assemblies, resulting 
in better estimations for the average heat loads. 

Furthermore, when analyzing the distribution of total decay heats per canister, it can be seen that Scenario 
B has a wider distribution and has a much lower Fill Ready Date than Scenario A. The lower Fill Ready 
Date allowed more canisters to be filled within the user-specified loading schedule. The results are shown 
in Figure 37 and Figure 38, respectively

Figure 37. Total decay heat comparison for loading Scenarios A and B.
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Figure 38. Fill-ready date comparison for loading Scenarios A and B.

Based on the comparisons performed here, Scenario B seemed to perform better overall with the smaller 
assembly inventory. Since the latest discharge information in the UNF database for this site is updated 
only until 2013, the optimization tool is expected to provide even better solutions in real applications with 
the most current assembly information and the updated assembly inventory after each reload cycle. 

2.3 DETAIL AS-LOADED ANALYSIS IN UNF-ST&DARDS

The detailed modeling process within UNF-ST&DARDS uses the most accurate representation of the fuel 
and operational history possible given the data available to estimate safety margins. The high-fidelity fuel 
and operational history information are specified for each axial node of each assembly. The combined 
unique fuel description and unique operational history for each fuel node requires that the roles of the 
library generation and discharge calculation from the traditional UNF-ST&DARDS modeling process be 
combined. Combining these roles significantly increases the number of lattice physics calculations, 
making it desirable to execute the lattice calculations more quickly. To accomplish this, the SCALE 
lattice physics code Polaris is used for the discharge concentration portion of the detailed calculations. 
This detail analysis pipeline, which was developed over last two years and was mainly supported by 
DOE-NE, can be used to perform best-estimate UNF and related systems characteristics. This is one of 
the major recent enhancements of UNF-ST&DARDS. 

2.4 UNF-ST&DARDS INITIAL COUPLING WITH REACTOR CORE SIMULATORS

An initial interface has been developed within UNF-ST&DARDS that allows the user to directly load the 
discharge isotopic of each node of each discharge assembly if available from a core simulator. The 
discharge isotopic is then used for downstream decay and criticality analyses. This approach captures all 
the reactor state point details without modeling them within UNF-ST&DARDS. 
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2.5 UNF-ST&DARDS DATA PLOTTING INTERFACE

An initial data plotting interface has been developed within UNF-ST&DARDS using Python plotting 
libraries [10]. The plan is to further develop this generic plotting capability and release this feature with 
future UNF-ST&DARDS releases. 

A plot option will appear upon right-clicking on a data table, as shown in Figure 39. The plot option panel 
with self-explanatory options will appear if plot is selected as shown in Figure 40. Various data plots can 
be generated by selecting plot types and other options. Figure 41 presents an example plot.

Figure 39. UNF-ST&DARDS data plot feature.
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Figure 40. UNF-ST&DARDS data plot options.
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Figure 41. An example plot generated by UNF-ST&DARDS.

3. PROGRESS TOWARDS COMMERCIALIZATION

DOE NE recently granted copyright of UNF-ST&DARDS Version 4.x to UT-Battelle. 
UNF-ST&DARDS is also currently being distributed through ORNL’s Radiation Safety Information 
Computational Center (RSICC), with some restrictions. In last two years, UNF-ST&DARDS has become 
the UNF licensing applications review tool for (NRC). UNF-ST&DARDS is allowing the NRC to 
perform a more efficient safety review of the licensing applications. Electric Power Research Institute 
(EPRI) has also shown some interest in UNF-ST&DARDS. The UNF-ST&DARDS team provided 
training to one of the UNF cask vendors and copies of UNF-ST&DARDS through the RSICC for testing 
and evaluation purposes. Internationally, the Swiss national cooperative for the disposal of radioactive 
waste (Nagra) showed interest in using UNF-ST&DARDS for managing Swiss UNF. The Swedish 
Nuclear Fuel and Waste Management Co. (SKB) is also using a testing and evaluation version of the 
UNF-ST&DARDS for analyzing Swedish UNF inventory. It is envisioned that UNF-ST&DARDS will be 
used by nuclear plants for their individual UNF management before the title is transferred to a central 
UNF management organization(s). The TCF award has been immensely beneficial for improving the 
UNF-ST&DARDS TRL. At the beginning of the TCF award, UNF-ST&DARDS was classified as a 
component-validated system/subsystem demonstrated in a relevant environment with a TRL of 5–6 



37

(http://swdev.epri.com/softwaretrls.asp). Currently, UNF-ST&DARDS can be classified as a system 
prototype demonstrated in an operational environment with a TRL of 7. The UNF-ST&DARDS team is 
currently planning to pursue Phase II TCF award partnering with one of the interested industry partners.

4. FUTURE IMPROVEMENT

UNF-ST&DARDS future improvements include:
 Finalizing the initial dry storage loading algorithm and packaging it with UNF-

ST&DARDS: The current loading algorithm for UNF-ST&DARDS is based on decay heat and 
dose (in terms of burnup, enrichment, and cooling time combinations from CoC) limits. The 
loading optimization should also consider criticality to support transportation after extended 
storage and direct disposal of currently loaded canisters. On-the-fly dose analysis can be used to 
further improve the dry storage loading algorithm.

 On-the-fly dose analysis for as-loaded canisters [11]: This feature can allow on-the-fly dose 
analysis by changing UNF sources. This can allow industries to perform thousands of dose 
analyses for various UNF systems with minimal computing resources. 

 Allowing users to use the nuclear code of their choice: Currently, UNF-ST&DARDS uses 
SCALE for nuclear analysis. Development of an interface that will allow users to plug in their 
own codes of choice will broadly increase the appeal of UNF-ST&DARDS as an integrated data 
and analysis tool. 

 Development of capabilities to analyze advanced/next generation fuel cycle: This will allow 
back-end analysis of various upcoming advanced fuel cycles (e.g., gas-cooled reactor, molten salt 
reactor).

 Spent nuclear fuel pool analysis capability: Currently, UNF-ST&DARDS mainly supports 
various analyses of dry UNF systems. Pool analysis capability will truly make UNF-ST&DARDS 
an all-inclusive UNF analysis tool. 

5. CONCLUSION

The TCF award has been used for developing and supporting various UNF-ST&DARDS features that 
have been identified by various user groups as desired features. This report discusses some of the 
technical advancements of UNF-ST&DARDS, which were completely and partially supported by the 
TCF award. The TCF award has also been used for interacting with various nuclear industries and 
promoting the tool to industries working in the back-end of the nuclear fuel cycle. One of the challenges 
of commercialization of UNF-ST&DARDS—and perhaps any nuclear technology—is the slow 
acceptance process of new technologies/software in the nuclear industry. The UNF-ST&DARDS team is 
working with industry partners to show the long-term benefits to industries and society at large for using a 
UNF management tool like UNF-ST&DARDS. The TCF Phase I award greatly supported that objective. 

http://swdev.epri.com/softwaretrls.asp
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